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1.  Introduction {#open201500207-sec-0001}
================

Uranium (U) and thorium (Th) are the two actinides which occur as natural constituents of the earth\'s crust; they are ubiquitous on earth. Due to their chemical toxicity and radiotoxicity, they pose potential risks to human life. They might cause, for instance, problems with drinking water supplied from the former mining areas or for some commercial mineral waters.[1](#open201500207-bib-0001){ref-type="ref"}, [2](#open201500207-bib-0002){ref-type="ref"} On the other hand, U and Th are also precious natural resources with economic importance, namely for nuclear power generation. There, problems are associated not only with the legacy of ore mining activities but also with the safe storage of nuclear waste. The nuclear wastes in the latter case contain significant fractions of the original fuel (i.e., U) with additional fractions of highly radioactive actinides such as neptunium (Np) or plutonium (Pu) all of which could be present in the tetravalent form (i.e., An^IV^) in natural aquatic systems. The potential release of these actinides from nuclear waste repositories into groundwater would cause serious environmental concerns.[3](#open201500207-bib-0003){ref-type="ref"}, [4](#open201500207-bib-0004){ref-type="ref"}, [5](#open201500207-bib-0005){ref-type="ref"}, [6](#open201500207-bib-0006){ref-type="ref"}, [7](#open201500207-bib-0007){ref-type="ref"}, [8](#open201500207-bib-0008){ref-type="ref"}, [9](#open201500207-bib-0009){ref-type="ref"}, [10](#open201500207-bib-0010){ref-type="ref"}, [11](#open201500207-bib-0011){ref-type="ref"}, [12](#open201500207-bib-0012){ref-type="ref"}

In strongly acidic solutions, An^IV^ species are soluble. However, due to their strong hydrolysis, they tend to form oxyhydroxide oligomers, polymers, and colloids when pH increases.[13](#open201500207-bib-0013){ref-type="ref"}, [14](#open201500207-bib-0014){ref-type="ref"}, [15](#open201500207-bib-0015){ref-type="ref"}, [16](#open201500207-bib-0016){ref-type="ref"}, [17](#open201500207-bib-0017){ref-type="ref"}, [18](#open201500207-bib-0018){ref-type="ref"}, [19](#open201500207-bib-0019){ref-type="ref"}, [20](#open201500207-bib-0020){ref-type="ref"}, [21](#open201500207-bib-0021){ref-type="ref"}, [22](#open201500207-bib-0022){ref-type="ref"}, [23](#open201500207-bib-0023){ref-type="ref"}, [24](#open201500207-bib-0024){ref-type="ref"} A variety of dimers, trimers, higher oligomers, and nanoclusters can be generated just below the pH where precipitation occurs.[25](#open201500207-bib-0025){ref-type="ref"}, [26](#open201500207-bib-0026){ref-type="ref"}, [27](#open201500207-bib-0027){ref-type="ref"}, [28](#open201500207-bib-0028){ref-type="ref"}, [29](#open201500207-bib-0029){ref-type="ref"}, [30](#open201500207-bib-0030){ref-type="ref"}, [31](#open201500207-bib-0031){ref-type="ref"} The oligomers and clusters are often stabilized by coexisting ligands such as Cl^−^ or carboxylates which act as growth‐terminating bridging ligands, preventing the clusters from further polymerization and aggregation in solution.[27](#open201500207-bib-0027){ref-type="ref"}, [31](#open201500207-bib-0031){ref-type="ref"}, [32](#open201500207-bib-0032){ref-type="ref"}, [33](#open201500207-bib-0033){ref-type="ref"}, [34](#open201500207-bib-0034){ref-type="ref"}, [35](#open201500207-bib-0035){ref-type="ref"}, [36](#open201500207-bib-0036){ref-type="ref"}, [37](#open201500207-bib-0037){ref-type="ref"}, [38](#open201500207-bib-0038){ref-type="ref"}, [39](#open201500207-bib-0039){ref-type="ref"} Figure [1](#open201500207-fig-0001){ref-type="fig"} gives an example. It shows the nano‐sized Pu oxide cluster, \[Pu~38~O~56~\]^40+^, which is decorated with 54 Cl^−^ to form \[Pu~38~O~56~Cl~54~(H~2~O)~8~\]^14−^, and which shows a high stability even in aqueous solutions.[27](#open201500207-bib-0027){ref-type="ref"}

![Structure of the \[Pu~38~O~56~\]^40+^ core in the \[Pu~38~O~56~Cl~54~(H~2~O)~8~\]^14−^ cluster which is stable even in aqueous solutions. Reproduced with permission from Ref. [31](#open201500207-bib-0031){ref-type="ref"}. Copyright 2013, American Chemical Society.](OPEN-5-174-g002){#open201500207-fig-0001}

Slightly above the pH where precipitation occurs, colloids appear. According to the definition by the International Union of Pure and Applied Chemistry (IUPAC), colloids are waterborne particles with the size of 1 nm to 1 μm, at least in one dimension. In the case of oxidic An^IV^ colloids, such colloids are often regarded as amorphous An^IV^ oxyhydroxide nanoparticles. However, a closer look into these "amorphous" oxyhydroxides by high‐resolution transmission electron microscopy (HR‐TEM) has revealed that these colloids are composed of nanocrystalline domains of the fluorite‐analog uraninite type (*Fm* $\bar{3}$ *m)* [40](#open201500207-bib-0040){ref-type="ref"}, [41](#open201500207-bib-0041){ref-type="ref"}, [42](#open201500207-bib-0042){ref-type="ref"}, [43](#open201500207-bib-0043){ref-type="ref"}, [44](#open201500207-bib-0044){ref-type="ref"} which also refers to the oxyhydroxide of Zr^IV^, a chemical analog of An^IV^.[45](#open201500207-bib-0045){ref-type="ref"} These An^IV^ oligomers and clusters are dissolvable in aqueous solutions as waterborne colloids, which also exhibit the *Fm* $\bar{3}$ *m* structure.[27](#open201500207-bib-0027){ref-type="ref"}, [37](#open201500207-bib-0037){ref-type="ref"} Similar waterborne colloids can be observed also for Ce(IV), another chemical analog of An^IV^.[46](#open201500207-bib-0046){ref-type="ref"}

The colloid chemistry of An^IV^ oxyhydroxide nanoparticles formed in the acidic to near‐neutral pH range can be summarized as follows:

**At very low pH**. An^IV^ species exist in truly dissolved forms such as An^4+^, oligomeric, and small polymeric species.**At low pH**. An^IV^ species occur as colloids when pH slightly increases. In this pH range, An^IV^ oxyhydroxide colloids are stable in the waterborne form at concentrations of tens of m[m]{.smallcaps} over months.[47](#open201500207-bib-0047){ref-type="ref"}, [48](#open201500207-bib-0048){ref-type="ref"}**At near‐neutral pH, major An^IV^ fraction**. When pH increases further, a large proportion of An^IV^ oxyhydroxide colloids precipitates. This is in line with the Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory. An^IV^ oxyhydroxide colloids possess isoelectric points (IEPs) of pH 5 to 9,[49](#open201500207-bib-0049){ref-type="ref"}, [50](#open201500207-bib-0050){ref-type="ref"}, [51](#open201500207-bib-0051){ref-type="ref"}, [52](#open201500207-bib-0052){ref-type="ref"} and it is obvious that, as soon as the pH reaches the near‐neutral region, the electrostatic repulsion is no longer sufficient to stabilize the particles, causing coagulation.**At near‐neutral pH, minor An^IV^ fraction**. There is, however, a small fraction of these colloids which exist in a waterborne form even at the near‐neutral pH. For instance, Th^IV^ is able to form such colloids over a wide pH range above pH 6, resulting in the formation of colloid‐borne Th^IV^ with a concentration of ∼10^−6^  [m]{.smallcaps} (Figure [2](#open201500207-fig-0002){ref-type="fig"}Figure 2Solubility of amorphous Th^IV^ hydroxide or hydrous oxide at I=0.1--0.6 [m]{.smallcaps} and 17--25 °C. Symbols: ◊ 0.1 [m]{.smallcaps} NaClO~4~, × 0.1 [m]{.smallcaps} NaClO~4~, + 0.1 [m]{.smallcaps} NaCl, ○ 0.5 [m]{.smallcaps} NaClO~4~, ▵ 0.6 [m]{.smallcaps} NaCl, ▿ 0.5 [m]{.smallcaps} NaClO~4~, ▼ and ▪ 0.5 [m]{.smallcaps} NaCl (see Ref. [53](#open201500207-bib-0053){ref-type="ref"} and references therein). The dashed curves represent the lower and upper limits calculated from the solubility product and hydrolysis constants discussed in Ref. [13](#open201500207-bib-0013){ref-type="ref"}. The symbols in the shaded area show thorium concentrations measured without removal of colloids; the average of these values is given by the blue line which represents the "equilibrium concentration" of Th^IV^ oxyhydroxide colloids. The red line indicates the concentration of waterborne Th^IV^ oxyhydroxy silicate colloids reported in Ref. [52](#open201500207-bib-0052){ref-type="ref"}. The red line does not provide an upper limit of the colloid concentration, but even higher concentrations of An^IV^ oxyhydroxy silica colloids could be expected. Reproduced with permission from Ref. [53](#open201500207-bib-0053){ref-type="ref"}. Copyright 2004, De Gruyter.).[11](#open201500207-bib-0011){ref-type="ref"}, [13](#open201500207-bib-0013){ref-type="ref"}, [53](#open201500207-bib-0053){ref-type="ref"} These colloids of An^IV^ oxyhydroxide are often regarded as amorphous and can be described as being in equilibrium with the dissolved actinide species, behaving as large ionic species. Hence, they do not obey the DLVO theory.[11](#open201500207-bib-0011){ref-type="ref"}, [15](#open201500207-bib-0015){ref-type="ref"}, [17](#open201500207-bib-0017){ref-type="ref"}, [54](#open201500207-bib-0054){ref-type="ref"} The formation of these colloids increases the concentration of waterborne An^IV^ by several orders of magnitude as compared with their thermodynamically expected solubility,[53](#open201500207-bib-0053){ref-type="ref"} which could pose a concern for the safety assessment of nuclear waste repositories.

It is obvious that there are no general sharp borders between regions (i) through (iv) because the hydrolysis constants differ for the different An^IV^ species and because the hydrolysis equilibria depend on the An^IV^ concentration. In the case of Th^IV^, assuming a Th concentration of 10^−3^  [m]{.smallcaps}, region (ii) begins at roughly pH 2,[55](#open201500207-bib-0055){ref-type="ref"} and regions (iii) and (iv) start at around pH 3 to 4.[15](#open201500207-bib-0015){ref-type="ref"} In particular, it is difficult to clearly define the borderline between regions (i) and (ii). We would see the limit between regions (i) and (ii) when the colloids could be detectable by laser‐induced breakdown detection (LIBD), a technique for particle/colloid characterization with an extremely low concentration detection limit of ppb down to ppt[56](#open201500207-bib-0056){ref-type="ref"} and a particle size detection limit of 2 to 10 nm.^15^

In addition to An^IV^ oxyhydroxide colloids, a variety of other types of actinide colloids and nanoparticles have been investigated, for instance, peroxide colloids,[57](#open201500207-bib-0057){ref-type="ref"} polyoxomethalate colloids,[58](#open201500207-bib-0058){ref-type="ref"}, [59](#open201500207-bib-0059){ref-type="ref"} or oxidic nanotubes.[60](#open201500207-bib-0060){ref-type="ref"} However, An^IV^ oxyhydroxide colloids are probably the most studied type of actinide colloids/nanoparticles. These colloids have been investigated under well‐controlled laboratory conditions that do not necessarily reflect the environmentally relevant conditions. For instance, groundwater contains a wide variety of ionic species, such as silicic acid with concentrations of 10^−5^ to 10^−3^  [m]{.smallcaps}.[61](#open201500207-bib-0061){ref-type="ref"} The aim of this review is to shed more light on other types of An^IV^ colloids which are more environmentally relevant.

This review focuses particularly on the oxyhydroxy silicate colloids of An^IV^. These colloids contain both An^IV^ and Si in the same colloid matrix via the reaction of dissolved An^IV^ with dissolved silicic acid. "Pseudocolloids" formed by the adsorption of An^IV^ onto the surface of preexisting silica particles are not considered in this review. The formation of An^IV^ silicate colloids should have been anticipated given the existence of An^IV^ silicate minerals in nature, such as coffinite, thorite, huttonite, etc. Furthermore, Zr^IV^ is known to form oxyhydroxy silicate nanoparticles which are composed of Zr−O−Si direct bonds,[62](#open201500207-bib-0062){ref-type="ref"} suggesting the possible formation of similar types of colloids for An^IV^. Some trivalent metal cations, such as Fe^III\[63--65\]^ and Cm^III^,[66](#open201500207-bib-0066){ref-type="ref"} are also known to form silica‐containing oxyhydroxide colloids if precipitated in silicic acid solutions, reinforcing the potential formation of An^IV^ oxyhydroxy silicate colloids. In addition to a natural abundance of silicate species in groundwater, silicic acid has sometimes even been added to waters for drinking water treatment to "sequester" (make invisible) Fe^III^ in a colloid‐borne form in order to prevent drinking water turbidity without removing the Fe^III^ by taking advantage of its tendency to form stable colloids with silicic acid.[63](#open201500207-bib-0063){ref-type="ref"}, [64](#open201500207-bib-0064){ref-type="ref"} Despite this knowledge found in the hitherto literature, the existence of An^IV^ oxyhydroxy silicate colloids has only recently been reported. This short and concise review will provide a summary of the recent findings on the An^IV^ oxyhydroxy silicate colloids and their potential implication for environmental concerns.

2.  Generation of Actinide(IV) Oxyhydroxy Silicate Colloids {#open201500207-sec-0002}
===========================================================

An^IV^ oxyhydroxy silicate colloids can be produced relatively easily, as described in Refs. [51](#open201500207-bib-0051){ref-type="ref"}, [52](#open201500207-bib-0052){ref-type="ref"}, and [67](#open201500207-bib-0067){ref-type="ref"}. Starting solutions of An^IV^ carbonate complexes could be prepared by:

Electrochemical reduction of U^VI^ carbonate complexes to the U^IV^ complexes,[51](#open201500207-bib-0051){ref-type="ref"}Electrochemical reduction of Np^V^ to −(IV) in acidic solution and mixing the resultant Np^IV^ solution with NaHCO~3~ solutions,[67](#open201500207-bib-0067){ref-type="ref"} orDissolution of Th^IV^ in HClO~4~ and mixing with solid NaHCO~3~.[52](#open201500207-bib-0052){ref-type="ref"}

The experiments with U and Np need to be done in an inert atmosphere. The oxidation state of U and Np can be confirmed by UV/Vis spectroscopy.[51](#open201500207-bib-0051){ref-type="ref"}, [67](#open201500207-bib-0067){ref-type="ref"} Dilution of aqueous carbonate solutions of Th^IV^, U^IV^, and Np^IV^ with pure water typically results in the formation of An^IV^ oxyhydroxide colloids which tend to precipitate when the An concentration is high, while the dilution with silicic acid solutions yields stable suspensions of waterborne An^IV^ oxyhydroxy silicate colloids.[51](#open201500207-bib-0051){ref-type="ref"}, [52](#open201500207-bib-0052){ref-type="ref"}, [67](#open201500207-bib-0067){ref-type="ref"} Silicic acid solutions can be prepared by the hydrolysis of tetramethyl orthosilicate (TMOS), Si(OCH~3~)~4~. No colloids which are filterable with 3 kDa molecular weight cut‐off (MWCO) both in the An^IV^ stock solutions and in the silicic acid solutions were found in the experiments of Refs. [51](#open201500207-bib-0051){ref-type="ref"}, [52](#open201500207-bib-0052){ref-type="ref"}, and [67](#open201500207-bib-0067){ref-type="ref"}. No Tyndall effect was observed in these two solutions, at least before mixing them. If necessary, the pH was adjusted with HClO~4~ in these tests after mixing the solutions. Experiments were carried out below and above the so‐called "mononuclear wall" of sicic acid of 2×10^−3^  [m]{.smallcaps}. This "wall" is the concentration limit above which the formation of silicic polymers is expected.[68](#open201500207-bib-0068){ref-type="ref"} Differentiation between monosilicic acid and polysilicic acid is important since the affinity of polysilicic acid to metal ions is much stronger than that of the monosilicic one.[69](#open201500207-bib-0069){ref-type="ref"}, [70](#open201500207-bib-0070){ref-type="ref"}

3.  Properties of Actinide(IV) Oxyhydroxy Silicate Colloids {#open201500207-sec-0003}
===========================================================

3.1.  Particle Size {#open201500207-sec-0004}
-------------------

Samples containing An^IV^ oxyhydroxy silicate colloids were centrifuged at different centrifugal accelerations between 10,500 and 170,000 g. Well‐defined volumes of the centrifugates (the upper 50 % of the supernatant volume) were carefully removed from the centrifuge tubes, and these supernatants were analyzed by inductively coupled plasma mass spectrometry (ICP‐MS) and/or atomic absorption spectroscopy (AAS). Further details on this method of serial ultracentrifugation, which intends to avoid stirring up the particles concentrated in the lower part of the centrifugal tube, can be referred to in Refs. [51](#open201500207-bib-0051){ref-type="ref"} and [71](#open201500207-bib-0071){ref-type="ref"}. In parallel, ultrafiltration using disposable filtration units with molecular weight cut‐offs of 1 to 1000 kDa were performed, and the filtrates were analyzed by ICP‐MS and/or AAS. The samples, sample centrifugates, and sample filtrates were also investigated by light scattering.

Figure [3](#open201500207-fig-0003){ref-type="fig"} shows the U concentration, the Si concentration, and the intensity of scattered light (originated in Tyndall effect) for a suspension of U^IV^ oxyhydroxy silicate colloids after centrifugation at different centrifugal accelerations. A weak centrifugation does not influence the concentrations. However, the larger the centrifugal force is, the stronger removal of U from the solution results, indicating that almost all the U is in a colloid‐borne form. This is accompanied by a parallel removal of a silica fraction which demonstrates that the colloids consist of U and Si. From the centrifugal acceleration required for removal, it can be deduced that the prevailing size of the colloids is less than 20 nm (see Table 2 in Ref. [51](#open201500207-bib-0051){ref-type="ref"}). Figure [4](#open201500207-fig-0004){ref-type="fig"} shows the results of an alternative experiment on the samples obtained from the ultrafiltration process. The filtration with ≥300 kDa does not decrease the U and Si concentrations in the filtrates. However, the U and Si concentrations are decreased by filtration with smaller pore sizes. With a pore size of ≤10 kDa, uranium virtually disappears from the solution, indicating that almost all the U occurs in a colloid‐borne form. A significant fraction of the silicic acid is removed by the smaller filter pores as well. It should be noted, however, that the silicic acid was not filterable without the addition of An^IV^. Particle sizes of the U^IV^ oxyhydroxy silicate colloids can be estimated to be around 3 to 20 nm from Figure [4](#open201500207-fig-0004){ref-type="fig"} (see Table 1 of Ref. [51](#open201500207-bib-0051){ref-type="ref"}). In Figure [5](#open201500207-fig-0005){ref-type="fig"} the results of photon correlation spectroscopy on a suspension of Np^IV^ oxyhydroxy silicate colloids are given. A particle size of the same order of magnitude as in Figure [3](#open201500207-fig-0003){ref-type="fig"} and [4](#open201500207-fig-0004){ref-type="fig"} is found. If the silicic acid concentration is sufficiently high, ultracentrifugation, ultrafiltration, and photon correlation spectroscopy all indicate a particle size of\<20 nm for all investigated An^IV^ oxyhydroxy silicate colloids.

![Uranium concentration, silicic acid concentration, and scattered light intensity of a colloidal suspension of U^IV^ oxyhydroxy silicate colloids after ultracentrifugation with different acceleration. Initial concentrations: U^IV^=8.6×10^−4^  [m]{.smallcaps}, Si^IV^=2.7×10^−3^  [m]{.smallcaps}, CO~3~ ^2−^=5×10^−2^  [m]{.smallcaps}, pH 7.8. The particles consist of U^IV^ and silica. Diameter of the particles:\<20 nm. Reproduced with permission from Ref. [51](#open201500207-bib-0051){ref-type="ref"}. Copyright 2010, Elsevier Ltd.](OPEN-5-174-g004){#open201500207-fig-0003}

![Uranium concentration, silicic acid concentration, and scattered light intensity of a colloidal suspension of U^IV^ oxyhydroxy silicate colloids after ultrafiltration with different filter pore sizes. Initial concentrations: U^IV^=8.6×10^−4^  [m]{.smallcaps}, Si^IV^=2.7×10^−3^  [m]{.smallcaps}, CO~3~ ^2−^=5×10^−2^  [m]{.smallcaps}, pH 7.8. The particles consist of U^IV^ and silica. Diameter of the particles: 3‐20 nm. Reproduced with permission from Ref. [51](#open201500207-bib-0051){ref-type="ref"}. Copyright 2010, Elsevier Ltd.](OPEN-5-174-g005){#open201500207-fig-0004}

![Autocorrelation function and particle size distribution of Np^IV^ oxyhydroxy silicate colloids. Np^IV^=10^−3^  [m]{.smallcaps}, Si^IV^=3.0×10^−3^  [m]{.smallcaps}, CO~3~ ^2−^=10^−1^  [m]{.smallcaps}. a) Light‐intensity weighted particle size distribution. b) Number weighted particle size distribution. The vast majority of the particles has a size of 5 to 10 nm. Reproduced with permission from Ref. [67](#open201500207-bib-0067){ref-type="ref"}. Copyright 2015, Royal Society of Chemistry.](OPEN-5-174-g006){#open201500207-fig-0005}

3.2.  Long‐Term Stability {#open201500207-sec-0005}
-------------------------

Figure [6](#open201500207-fig-0006){ref-type="fig"} shows the scattered light intensities of suspensions of U^IV^ and Th^IV^ oxyhydroxy silicate colloids. Since the scattered light intensity depends on the optical experiment setup in light scattering experiments of this type, these values are given in comparison with a reference value, that is, the scattered light intensity of the solvent (pure water). The figure demonstrates that An^IV^ oxyhydroxy silicate colloids of a concentration of about 10^−3^  [m]{.smallcaps} can be stabilized in the waterborne state over years. An^IV^ oxyhydroxide colloids, on the other hand, would greatly precipitate within a few hours at a concentration of 10^−3^  [m]{.smallcaps} and a pH of 7. Stable An^IV^ oxyhydroxide colloids can only be obtained at concentrations of about 10^−6^  [m]{.smallcaps} (see Figure [2](#open201500207-fig-0002){ref-type="fig"}).

![Time variation of scattered light intensity from solutions containing waterborne U^IV^ oxyhydroxy silicate (blue) and Th^IV^ oxyhydroxy silicate (red) nanoparticles (U^IV^=9×10^−4^  [m,]{.smallcaps} Th^IV^=8×10^−4^  [m)]{.smallcaps}. The scattered light intensities are compared with that of pure water. The colloids are stable over years.[51](#open201500207-bib-0051){ref-type="ref"}, [52](#open201500207-bib-0052){ref-type="ref"} Reproduced with permission from Refs. [51](#open201500207-bib-0051){ref-type="ref"} and [52](#open201500207-bib-0052){ref-type="ref"}. Copyrights 2010 and 2012, Elsevier Ltd.](OPEN-5-174-g007){#open201500207-fig-0006}

In Figure [6](#open201500207-fig-0006){ref-type="fig"}, we see the time variation of scattered light intensity from solutions containing waterborne U^IV^ oxyhydroxy silicate (blue) and Th^IV^ oxyhydroxy silicate (red) nanoparticles (U^IV^=9×10^−4^  [m,]{.smallcaps} Th(IV)=8×10^−4^  [m)]{.smallcaps}. The scattered light intensities are compared with that of pure water. The colloids are stable over years.[51](#open201500207-bib-0051){ref-type="ref"}, [52](#open201500207-bib-0052){ref-type="ref"}

3.3.  Zeta Potential {#open201500207-sec-0006}
--------------------

In Figure [7](#open201500207-fig-0007){ref-type="fig"} zeta potential vs. pH curves for silica‐free Th^IV^ oxyhydroxide colloids, Th^IV^ oxyhydroxy silicate colloids, and pure SiO~2~ colloids are depicted (laser Doppler velocimetry). It shows that the presence of silica shifts the curve for Th^IV^ oxyhydroxide toward that for pure SiO~2~. This moves the IEP of the Th^IV^ colloids to lower pH values, that is, the particles become negatively charged in the near‐neutral/slightly‐alkaline region, and they tend to repel each other stronger (e.g., at pH 8 in Figure [7](#open201500207-fig-0007){ref-type="fig"}). The latter is one of the reasons for the stabilization of the An^IV^ colloids by silicic acid at An^IV^ concentrations much higher than observed for the silica‐free An^IV^ oxyhydroxide colloids. The second reason for the high stability is that non‐DLVO forces increasingly play a role with the admixture of silica (see below). A similar shift of the zeta potential toward more negative values and the IEP toward lower pH values by the admixture of silica is also observed for U^IV^ colloids.[51](#open201500207-bib-0051){ref-type="ref"}

![Variation of Zeta potentials of Th^IV^ oxyhydroxide, SiO~2~, and Th^IV^ oxyhydroxy silicate colloids as a function of pH. Th^IV^=10^−3^  [m]{.smallcaps}; initial carbonate=5×10^−2^  [m]{.smallcaps}. The curve for the Th^IV^ oxyhydroxide is shifted toward that of pure silica when silica is added in the system (i.e. Th^IV^/silica colloids). Reproduced with permission from Ref. [52](#open201500207-bib-0052){ref-type="ref"}. Copyright 2012, Elsevier Ltd.](OPEN-5-174-g008){#open201500207-fig-0007}

3.4.  Internal Structure {#open201500207-sec-0007}
------------------------

The structure of An^IV^ oxyhydroxy silicate colloids has been investigated by extended X‐ray absorption fine structure (EXAFS) spectroscopy, high‐energy X‐ray scattering (HEXS), X‐ray photoelectron spectroscopy (XPS), neutron scattering, high‐resolution transmission electron microscopy (HR‐TEM), and ^29^Si solid state NMR.[51](#open201500207-bib-0051){ref-type="ref"}, [52](#open201500207-bib-0052){ref-type="ref"}, [67](#open201500207-bib-0067){ref-type="ref"} Figure [8](#open201500207-fig-0008){ref-type="fig"} shows EXAFS spectra for Np^IV^‐silica colloids and several Np(IV) reference systems as well as their Fourier transforms. The fit parameters derived from the EXAFS spectra (atomic distances, coordination numbers) are given in Refs. [44](#open201500207-bib-0044){ref-type="ref"} and [67](#open201500207-bib-0067){ref-type="ref"}. The results indicate a relatively short Th−Si distance of ∼3.11 Å. This distance is characteristic of the silica coordination with a bidentate mode (or the edge‐sharing coordination in the terminology of coordination polyhedra), while the monodentate coordination (e.g., simple adsorption of Np^IV^ onto solid silica) results in a significantly longer Th−Si distance. The EXAFS results show that Np−O−Np bonds in the Np(IV) oxyhydroxide colloids are partly replaced with Np−O−Si bonds due to incorporation of silica into the structure, as shown in Figure [9](#open201500207-fig-0009){ref-type="fig"}, finally forming \[(Np,Si)O~*n*~(OH)~4−*n*~⋅*x*H~2~O\]^4−2*n*−(4−*n*)^. This replacement with Np−O−Si bonds accounts for the short Th−Si distance. Structural inclusion of the silica was also observed for U^IV^ and Th^IV^ oxyhydroxy silicate colloids.[51](#open201500207-bib-0051){ref-type="ref"}, [52](#open201500207-bib-0052){ref-type="ref"} It had, furthermore, been derived from X‐ray diffraction results for the An^IV^‐analogue Zr^IV^.[62](#open201500207-bib-0062){ref-type="ref"} For all these colloids, the incorporation of silica results in a structure which has a near‐order similar to that of the silicate mineral coffinite (USiO~4~), even if the colloids are much more amorphous than coffinite. The disordered structure of the colloids also supresses significantly the intensity of the Np−Np peak of the EXAFS‐FT in Figure [8](#open201500207-fig-0008){ref-type="fig"} which is due to destructive interference effects caused by different Np−Np distances. This phenomenon is described in more detail in Ref. [52](#open201500207-bib-0052){ref-type="ref"}.

![Np L~3~ edge EXAFS spectra (left, *k* ^3^‐weighted) and their corresponding Fourier transforms (right) of an aqueous solution of 9 m[m]{.smallcaps} Np^IV^ in 1 [m]{.smallcaps} NaHCO~3~ (NpCarb), a colloidal solution of 1 m[m]{.smallcaps} Np^IV^ and 3 m[m]{.smallcaps} Si in 0.1 [m]{.smallcaps} NaHCO~3~ (NpSi), Np^IV^ precipitate obtained by diluting a slightly basic Np^IV^ solution with water (NpOalk), and Np^IV^ precipitate obtained by neutralizing Np^IV^ in HNO~3~ with NaOH (NpOac). Reproduced with permission from Refs.[44](#open201500207-bib-0044){ref-type="ref"} and [67](#open201500207-bib-0067){ref-type="ref"}. Copyrights 2015, Royal Society of Chemistry.](OPEN-5-174-g009){#open201500207-fig-0008}

![Structure of neptunium(IV) oxyhydroxy silicate colloids derived from EXAFS. Reproduced with permission from Ref. [67](#open201500207-bib-0067){ref-type="ref"}. Copyright 2015, Royal Society of Chemistry.](OPEN-5-174-g010){#open201500207-fig-0009}

The EXAFS results are complementary to the results from the other methods, in particular HEXS and NMR.[52](#open201500207-bib-0052){ref-type="ref"} Figure [10](#open201500207-fig-0010){ref-type="fig"} shows the NMR spectra of Th^IV^ oxyhydroxy silica colloids as a function of Si/Th ratio. The chemical shift *δ* ~29Si~ is a good indicator to investigate how many oxygen atoms in the \[SiO~4~\] tetrahedron are shared with other silica units. The peak Q^0^, indicating a monomeric silicate anion, appears at the less negative side of the spectrum and shows almost constant shifts of 10 ppm toward the more negative side for each added Si−O−Si bond if the Si/Th ratio of the colloids increases. Huttonite, β‐ThSiO~4~, was used as a reference of *δ* ~29Si~ in the Th^IV^ oxyhydroxy silicate colloids. The structure of huttonite represents a typical orthosilicate in which SiO~4~ units do not share oxygen atoms with other SiO~4~ tetrahedra. The ^29^Si NMR spectrum shows a chemical shift *δ* ~29Si~ of −82.4 ppm. The peaks observed for the Th^IV^ silicate colloid particles exhibit a significant broadening and overlapping of different Si−O contributions. This is in line with the EXAFS results indicating that the colloids are disordered structures and the oxygens in the structure have a variety of different coordination geometry. The position of the main peak of the sample "Si/Th=0.32" is comparable with the Q^0^ peak of β‐ThSiO~4~, indicating that the silicates in this sample are in the isolated orthosilicate form. The silicic acid concentration in the relevant aqueous sample was 0.95 m[m]{.smallcaps}, which is well below the "mononuclear wall". Colloids with higher Si/Th ratios (i.e., the silicic acid concentrations above the "mononuclear wall") show an increase of Si−O−Si bonds in the structure, which is indicated by more negative chemical shifts. When the silica is in excess, represented by the sample "Si/Th=5.84", the structure is mainly dominated by Q^3^ units at −98 ppm with additional contributions of Q^2^ at −88.6 ppm and Q^4^ at −109.8 ppm, suggesting the progress of silica polymerization. The formation of polynuclear silica species can already occur in the solution when the silica concentration is above the "mononuclear wall" of 2×10^−3^  [m]{.smallcaps}.

![^29^Si cross polarization magic angle spinning (CP/MAS) and single‐pulse MAS spectra of Th^IV^ silicate solutions with different Si/Th ratios and reference compounds of β−ThSiO~4~ and α−SiO~2~, ν~R~=5 kHz. Reproduced with permission from Ref. [52](#open201500207-bib-0052){ref-type="ref"}. Copyright 2012, Elsevier Ltd.](OPEN-5-174-g011){#open201500207-fig-0010}

XPS measurements provided further information on the composition of Th^IV^ oxyhxdroxy silicate colloids.[52](#open201500207-bib-0052){ref-type="ref"} The results showed that the chemical composition of the colloids is homogeneous as long as the silicic acid concentration is below the "mononuclear wall". When the silicic acid concentration exceeds the "mononuclear wall" level, silica starts being enriched on the colloid surfaces, finally forming a silica‐rich layer on the surface. UV/Vis spectroscopy can also provide qualitative information about the formation of An^IV^ colloids. This has been demonstrated, for instance, for Np^IV^ oxyhydroxy silicate colloids which can be detected by the characteristic "colloid peak" at 740--746 nm.[67](#open201500207-bib-0067){ref-type="ref"}

The structure of An^IV^ oxyhydroxy silicate colloids is strongly influenced by their formation process. In the hitherto reported experiments (Refs. [51](#open201500207-bib-0051){ref-type="ref"}, [52](#open201500207-bib-0052){ref-type="ref"}, and [67](#open201500207-bib-0067){ref-type="ref"}), the initial step of the colloid formation was the hydrolysis of dissolved An^IV^ carbonate complexes. The resultant An^IV^ hydrolysis products further react either with other An^IV^ hydroxide species or with silicic acid to induce further hydrolysis and/or polymerization. If the initial silicic acid solution is below the "mononuclear wall", silica is incorporated into the An−O framework of the colloid structure as isolated monomers. On the other hand, when the initial silicic acid concentration exceeds the "mononuclear wall", silica units are polymerized with one another which results in the formation of polysilicic acid species in the initial solution, such as Si~2~O~3~(OH)~4~ ^2−^, Si~3~O~5~(OH)~5~ ^3−^, Si~4~O~8~(OH)~4~ ^4−^ or other oligomers with low molecular weights, and in the incorporation into the colloids as such oligomers. The enrichment of silica on the colloid particle surface is probably controlled by the kinetics of colloid formation. That is, An^IV^ contributes to a fast reaction kinetics which induces polymerization within the first several minutes of reaction. When the An^IV^ concentration in the sample solution is decreased, the overall reaction kinetics become slower and are controlled by the polymerization of silicic acid and oligomeric silica species. When further approaching to the steady state, the reaction kinetics is primarily dominated by silica polymerization on the particle surface.[52](#open201500207-bib-0052){ref-type="ref"}

3.5.  Colloid Stabilization Mechanisms {#open201500207-sec-0008}
--------------------------------------

The classical approach to describe the stability of colloids is the application of the DLVO theory developed by Derjaguin, Landau, Verwey, and Overbeek. This theory is based on the superposition of repulsive electrostatic double layer forces and the attractive Van der Waals force.[72](#open201500207-bib-0072){ref-type="ref"}, [73](#open201500207-bib-0073){ref-type="ref"}, [74](#open201500207-bib-0074){ref-type="ref"} Many colloidal systems obey the DLVO theory but there are also many other systems which do not follow this theory. The latter applies in particular to very hydrophobic or very hydrophilic colloids.[75](#open201500207-bib-0075){ref-type="ref"} In these cases, "structural forces", which are caused, for instance, by the water molecules around the particles, could play an important role. Such forces can be attributed to hydrogen bonding,[73](#open201500207-bib-0073){ref-type="ref"}, [76](#open201500207-bib-0076){ref-type="ref"}, [77](#open201500207-bib-0077){ref-type="ref"} hydrophobic interactions,[73](#open201500207-bib-0073){ref-type="ref"}, [78](#open201500207-bib-0078){ref-type="ref"} steric interactions[73](#open201500207-bib-0073){ref-type="ref"}, [74](#open201500207-bib-0074){ref-type="ref"} etc. For oxide colloids, Koopal[79](#open201500207-bib-0079){ref-type="ref"} suggested to distinguish between

colloids with gibbsite‐type surfaces andcolloids with silica‐type surfaces.

The gibbsite‐type colloids, which include colloids of An^IV^ dioxides and their analogs, for example ZrO~2~ and TiO~2~, are amphoteric and exhibit the typical "charge vs. pH" curves showing a point of zero charge in the middle of the pH scale. This type of colloids follows the classical DLVO theory quite well when the electrolyte concentration is relatively low. The silica‐based colloids, on the other hand, show a more complex behavior which is due to several special properties of silica such as its low Hamaker constant, its strong tendency to form hydrogen bonds and its high hydrophilicity.[70](#open201500207-bib-0070){ref-type="ref"} Silica colloids are typically acidic and can only carry negative charges, according to Koopal. Other studies reported IEPs for silica of pH 1.5 to 3.^\[49, 70,\ 80, 81\]^ Silica‐based colloids are more stable than gibbsite‐type colloids and, hence, deviate significantly from the behavior expected from the DLVO theory.[82](#open201500207-bib-0082){ref-type="ref"} They show a stability *maximum* at the IEP which contradicts the DLVO model sharply.[76](#open201500207-bib-0076){ref-type="ref"}, [80](#open201500207-bib-0080){ref-type="ref"}, [82](#open201500207-bib-0082){ref-type="ref"} A stability *minimum* is found at pH 4 to 7, that is far from the IEP.[76](#open201500207-bib-0076){ref-type="ref"} Furthermore, there is an influence of the particle size; silica nanoparticles of≥50 nm obey the DLVO model better than the very small ones.[74](#open201500207-bib-0074){ref-type="ref"}, [83](#open201500207-bib-0083){ref-type="ref"} A variety of models have been developed to explain the complex non‐DLVO systems including the silica colloids, namely the *hydration force model for silica*,[76](#open201500207-bib-0076){ref-type="ref"}, [77](#open201500207-bib-0077){ref-type="ref"}, [80](#open201500207-bib-0080){ref-type="ref"}, [82](#open201500207-bib-0082){ref-type="ref"}, [83](#open201500207-bib-0083){ref-type="ref"}, [84](#open201500207-bib-0084){ref-type="ref"}, [85](#open201500207-bib-0085){ref-type="ref"}, [86](#open201500207-bib-0086){ref-type="ref"} the *gel layer model*,[87](#open201500207-bib-0087){ref-type="ref"}, [88](#open201500207-bib-0088){ref-type="ref"}, [89](#open201500207-bib-0089){ref-type="ref"} the *hairy layer mode*,[74](#open201500207-bib-0074){ref-type="ref"}, [90](#open201500207-bib-0090){ref-type="ref"}, [91](#open201500207-bib-0091){ref-type="ref"}, [92](#open201500207-bib-0092){ref-type="ref"} or the *roughness model*.[93](#open201500207-bib-0093){ref-type="ref"} However, there is only a limited number of studies dealing with the binary systems containing both metal oxide and silica (ZrO~2~/silica,[94](#open201500207-bib-0094){ref-type="ref"} ferrihydrite/silica,[65](#open201500207-bib-0065){ref-type="ref"} UO~2~/silica,[51](#open201500207-bib-0051){ref-type="ref"} ThO~2~/silica[52](#open201500207-bib-0052){ref-type="ref"}).

In the case of metal oxyhydroxides and silica, protons (H^+^) and/or hydroxide ions (OH^−^) are the potential‐determining ions which control the surface charge of colloids, (i.e., zeta potential).[81](#open201500207-bib-0081){ref-type="ref"}, [95](#open201500207-bib-0095){ref-type="ref"} Figure [7](#open201500207-fig-0007){ref-type="fig"} demonstrates that the addition of silica to the colloidal solution of Th^IV^ oxyhydroxide drastically changes the shape of the "zeta potential vs. pH" curve. That is, the pH curve is shifted toward the curve of pure silica colloids. Similar results were obtained by Dyer et al. for binary silica‐ferrihydrite colloids.[65](#open201500207-bib-0065){ref-type="ref"} From their zeta potential vs. pH curves, Dyer et al. concluded that the surfaces of the particles are a "mixture" of ferrihydrite and silica. We can expect the same situation on the surfaces of the Th^IV^ oxyhydroxy silicate particles, reflecting the behavior of both Th^IV^ oxyhydroxide and silica. The negative charge of the colloids observed in the case of silica addition to the Th^IV^ oxyhydroxide can contribute to the repelling force that stabilizes the particles in near‐neutral solutions.

However, the formation of the binary Th^IV^ oxyhydroxy silicate may also reflect a transition from metal‐oxide‐type colloids (or, according to the Koopal\'s terminology, "gibbsite‐type" colloids) to silica‐type colloids (types i and ii). Even though the electrostatic repulsion plays an important role in the stability of these colloidal particles, particularly in the near‐neutral pH region, non‐DLVO forces could also be of importance. The non‐DLVO forces could explain the reason why the negatively charged Th^IV^ oxyhydroxy silicate colloids are more stable at a pH around 7 than the positively charged Th^IV^ oxyhydroxide colloids (Figure [7](#open201500207-fig-0007){ref-type="fig"}), despite the fact that the absolute zeta potential values of these colloids are well comparable. Further studies are required to quantify the DLVO‐ and non‐DLVO contributions to the stabilization of An^IV^‐silica colloids.

4.  Concluding Remarks and Future Outlook {#open201500207-sec-0009}
=========================================

This review demonstrates that the formation of the coffinite‐like An^IV^ oxyhydroxy silicate colloids can result in concentrations of waterborne An^IV^ colloids which are higher than the "equilibrium concentrations"[53](#open201500207-bib-0053){ref-type="ref"} of An^IV^ oxyhydroxide colloids by a factor of at least 10^3^ at near‐neutral pH (see Figures [2](#open201500207-fig-0002){ref-type="fig"}, [3](#open201500207-fig-0003){ref-type="fig"}, and [4](#open201500207-fig-0004){ref-type="fig"}). Despite this fact, as mentioned above, previous An^IV^ colloid research has strongly been focused on An^IV^ oxyhydroxide colloids. An^IV^ oxyhydroxy silicate colloids may not have been as attractive as the An^IV^ oxyhydroxide colloids for the coordination chemist and the microscopist because they are poorly structured (i.e., amorphous) which might make them less attractive from the experimental point of view. However, in terms of geochemistry and environmental science, An^IV^ oxyhydroxy silicate colloids could be of high importance.

There is only a limited number of studies discussing the potential generation of An^IV^ colloids in the real aquatic environment. Kalmykov et al. reported the formation of U^IV^ oxyhydroxide colloids in anoxic groundwaters at the Mayak Site (Russia).[96](#open201500207-bib-0096){ref-type="ref"} Kozai et al. searched for the formation of silica‐containing U colloids in the silica‐rich anoxic saline groundwater at the Horonobe underground research laboratory (Japan).[97](#open201500207-bib-0097){ref-type="ref"} By means of size‐exclusion chromatography, these authors found out that U^IV^ was bound neither to clay or zeolite particles nor to the organic colloids present in the near‐neutral groundwater, but it was associated with neutral silica species which were monomeric silicic acid or low molecular weight polymeric silicic species of less than 1.5 kDa. The uranium concentration of the Horonobe groundwater is only 10^−10^  [m]{.smallcaps}. It seems that An^IV^ species form truly dissolved neutral silicate complexes in solutions containing silicic acid if the actinide concentration is very low, but that colloids are produced if the An^IV^ concentration is in the range of 10^−3^  [m]{.smallcaps} as in the previous laboratory experiments on An^IV^ oxyhydroxy silicate colloids[51](#open201500207-bib-0051){ref-type="ref"}, [52](#open201500207-bib-0052){ref-type="ref"}, [67](#open201500207-bib-0067){ref-type="ref"} and as to be expected in the near‐field of a nuclear waste repository after the access of water.

In the scenario of the potential leakage of radioactive contaminants from a nuclear waste repository into the near‐field environment, the generation of oxyhydroxy silicate type colloids cannot be ruled out as silicic acid is ubiquitous in groundwater. Additionally, there are other sources of silicic acid in the waste repository, such as vitrification materials, cement, bentonite, or injected grout silica, regardless of the design of waste repositories (see Ref. [12](#open201500207-bib-0012){ref-type="ref"} and references therein). Thus, An^IV^ oxyhydroxy silicate colloids may be able to stabilize significant amounts of An^IV^ in a waterborne form. Serious concern could arise if An^IV^ could readily diffuse through the bentonite barrier of a nuclear waste repository via the formation of silica‐containing An^IV^ nanoparticles. As a matter of fact, organic macromolecules of a similar size (30 kDa) could pass through the compacted bentonite barrier under certain conditions.[98](#open201500207-bib-0098){ref-type="ref"} Another concern would be the behavior of An^IV^ oxyhydroxy silicate nanoparticles when bentonite pore waters containing such particles are diluted in the pore water--freshwater mixing zone[99](#open201500207-bib-0099){ref-type="ref"} or via the intrusion of glacial meltwater produced after a possible future ice age.[100](#open201500207-bib-0100){ref-type="ref"} Such dilution processes would decrease the ionic strength, eventually stabilizing colloids.

U^IV^ oxyhydroxy silicate colloids might also play an important role in the formation of ore deposits. In 1962, Moench hypothesized that the generation of uranium colloids is crucial for the paragenesis of coffinitic uranium ore deposits.[101](#open201500207-bib-0101){ref-type="ref"} U^IV^ oxyhydroxy silicate colloids form a candidate class of colloids accomplishing the colloid‐chemical processes necessary for the formation of coffinitic uranium ore. Furthermore, An^IV^ oxyhydroxide colloids may also be involved in the "coffinitization" of UO~2~‐based spent fuel, a phenomenon expected in nuclear waste repositories after the access of water[102](#open201500207-bib-0102){ref-type="ref"}, [103](#open201500207-bib-0103){ref-type="ref"}, [104](#open201500207-bib-0104){ref-type="ref"}, [105](#open201500207-bib-0105){ref-type="ref"}, [106](#open201500207-bib-0106){ref-type="ref"}, [107](#open201500207-bib-0107){ref-type="ref"}, [108](#open201500207-bib-0108){ref-type="ref"}, [109](#open201500207-bib-0109){ref-type="ref"} which occurs via the dissolution and the reprecipitation of An^IV\[110, 111\]^ and which is of significance for the behavior of spent fuel.

An^IV^ oxyhydroxides form colloids which are often stabilized in the waterborne state by repulsive electrostatic double‐layer forces in solutions of low to moderate electrolyte concentrations. In the case of An^IV^ oxyhydroxy silicate colloids, the picture is more complex. For such colloids, non‐DLVO forces attributable to hydrogen bonding, steric effects, etc. increasingly play a role in addition to the electrostatic forces with increasing silica content of the colloids. At high silica content, the behavior of the particles resembles more that of pure silica particles than that of An^IV^ oxhydroxide particles. This results in an increase of colloid stability (silica nanoparticles are known for their high colloidal stability). The properties and the behavior of An^IV^ oxyhydroxy silicate colloids and the reasons for their high colloidal stability need to be investigated in greater detail.
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